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We employ a trapped ion to study quantum contextual correlations in a single qutrit using the 5-observable
KCBS inequality, which is arguably the most fundamental non-contextuality inequality for testing Quantum
Mechanics (QM). We quantify the effect of systematics in our experiment by purposely scanning the degree
of signaling between measurements, which allows us to place realistic bounds on the non-classicality of the
observed correlations. Our results violate the classical bound for this experiment by up to 25 standard deviations,
while being in agreement with the QM limit. In order to test the prediction of QM that the contextual fraction
increases with the number of observables, we gradually increase the complexity of our measurements from 5 up
to 121 observables. We find stronger-than-classical correlations in all prepared scenarios up to 101 observables,
beyond which experimental imperfections blur the quantum-classical divide.
Quantum contextuality speaks against the classical percep-
tion that the act of measurement merely reveals pre-existing,
context-independent properties of the measured system. This
leads to correlations between observables which are stronger
than those in classical physics [1]. One way to test these is
to construct Non-Contextuality (NC) inequalities which are
constrained classically but violated by quantum systems. In
Ref. [2], Klyachko, Can, Binicioğlu, and Shumovsky (KCBS)
provided an inequality with the lowest possible number of
measurement settings, while featuring the largest possible gap
between quantum and classical predictions (App. H, [3]). This
requires measuring N = 5 observables in a three-level system
or qutrit, the smallest quantum state space in which such cor-
relations can be observed. In one extra dimension, the Bell
inequality on two qubits also provides a test of non-classical
correlations, but with the additional requirement that the qubits
are space-like separated [4, 5]. In this scenario, the observation
of non-classical correlations causes the exclusion of locality
or of realism.
While tests have been performed which aim to saturate the
Tsirelson quantum bound of the Bell inequality [6, 7], their le-
gitimacy has been recently challenged based on signaling [8],
and there is no consensus on the validity of equivalent previ-
ous experimental tests of KCBS [9, 10]. The significance of
NC tests is compromised when the assumptions of the under-
lying theory are not fulfilled in experiments. In particular, the
characterization of systematic signaling is notoriously scarce
in experimental papers aiming at saturating quantum correla-
tions [8], despite ongoing theoretical efforts [11, 12]. Given
that NC inequalities can show a trade-off between signaling
and the amount of violation, thoroughly accounting for the
former is a major pending task. As a consequence, there is
no undisputed experimental evidence to date that the maxi-
mum predicted by QM for any NC inequality can be reached
(Apps. J-K, [8]).
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Bell and KCBS inequalities differ in the size of Hilbert
space and the number of observables. Beyond the minimal
instances, both the Bell and KCBS inequalities have been ex-
tended to larger numbers of observables [13]. This can be used
to constrain the predictive power of beyond-quantum theories
[13], to certify the randomness of numbers [14], or to quantify
the computational power available in a quantum system [15].
Extended Bell inequalities (or Bell chained inequalities) have
been violated in photonic systems andwith trapped ions [7, 16],
with the former showing a violation up to N = 90 observables.
Nevertheless, current studies on the more fundamental ex-
tended KCBS scenario, where even stronger correlations are
possible, are limited to N ≤ 7 [17].
In this Letter, we present experimental results which reach
the QM bound of the KCBS inequality, and which exhibit cor-
relations beyond those accessible in aBell experiment (App.H,
[18]). We also extend the KCBS test to 5 ≤ N ≤ 121 and mea-
sure stronger-than-classical correlations up to N = 101 ob-
servables, with the largest contextual fraction CF = 0.800(4)
for N = 31 [19]. We examine the assumptions of compatible
measurements [8, 20] by purposely scanning the degree of sig-
naling in the experiment, thereby evaluating the trade-off be-
tween signaling and violation in NC inequalities. This allows
us to quantify and minimize systematic effects, which we use
to penalize our results in line with recent theoretical propos-
als [12]. In these experiments we combine high-fidelity uni-
tary operations with high-precision projective detection [21]
to close both the individual-existence loophole (by performing
sequential, rather than simultaneous, measurements [20, 22])
and the detection loophole.
We encode the qutrit basis states |0〉 , |1〉 , |2〉 onto inter-
nal electronic energy levels of a single 40Ca+ ion confined
in a cryogenic surface-electrode radio-frequency trap. Com-
binations of coherent laser pulses resonant with |0〉 ↔ |1〉
and |0〉 ↔ |2〉 transitions allow us to generate arbitrary single-
qutrit rotations. Quantum non-demolitionmeasurements of ar-
bitrary observables are achieved with high fidelity by combin-
ing these coherent rotations with discrimination of |0〉 from |1〉
or |2〉 using state-dependent fluorescence, allowing the study of
correlations between sequential measurements [21]. Further
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2FIG. 1. (Left): “Qutrit sphere” spanned by arbitrary superpositions
of the type α |0〉 + β |1〉 + γ |2〉, where α, β, γ ∈ R and such that
α2+β2+γ2 = 1. The directions alongwhich projectivemeasurements
are performed are indicated by states |ψi〉. When θ = θ5, states
connected by dashed lines are orthogonal. Experimentally relevant
rotations are shown in dark red (see text). (Right): Predicted values of
S5 (Eq. (2)) and S
(ext)
5 (Eq. (4)) as a function of θ. The hashed region
above −3 shows the space where S(ext)5 is consistent with NC models.
The inset shows how a finite number of experiments (here 5 × 104
per data point) leads to a necessary deviation from theory around θ5
(dashed line). The analytical formulas for the plotted curves are given
in App. G.
details of the experimental setup can be found in Refs. [21].
In a first experiment we perform sequences of pairs of mea-
surements along rays defined by a set of N = 5 states |ψi〉 on
a “qutrit sphere” of real superpositions of the basis states (see
Fig. 1). Explicitly, the pentagon states are given by
|ψi〉 = Ui |0〉 with Ui = R2i−2z ( 2pi5 )Ry(θ), (1)
where Ry(θ) represents a rotation by angle θ around |2〉 (as-
sociated with the y-axis), and Rz( 2pi5 ) represents a rotation by
angle 2pi5 around |0〉 (associated with the z-axis, Fig. 1). Here
i is a modulo 5 integer, with |ψ0〉 ≡ |ψ5〉 and |ψ6〉 ≡ |ψ1〉. We
define a convention whereby a sharp measurement [23] Mi
along ray |ψi〉 will yield one of two values Ai = ±1. If Ai = 1,
the state is projected onto |ψi〉, whereas Ai = −1 projects onto
an orthogonal space spanned by |ψi−1〉 and |ψi+1〉, preserving
the coherence in that subspace (App. F). When measurements
of Mi and Mj are conducted sequentially, with Mi measured
first and Mj measured second, we denote their respective out-
comes as A(1)i and A
(2)
j .
The KCBS scenario, in which measurements Mi and Mi±1
are compatible (their operators commute), arises when θ5 =
arccos
(
5−1/4
)
≈ 48◦ and hence 〈ψi |ψi±1〉 = 0. In Fig. 1, this is
indicated by dashed lines joining pairs of states. In NCmodels
the sum of correlators is bounded from below:
S5(θ5) = S±5 (θ5) =
5∑
i=1
〈A(1)i A(2)i±1〉 ≥ S¯NC5 = −3. (2)
This result is called the KCBS inequality [2] in either “normal
order” (S+5 ) or “reverse order” (S
−
5 ). According to QM:
S5(θ5) ≥ S¯QM5 = 5 − 4
√
5 ≈ −3.944. (3)
This is independent of the order and the equality is obtained if
and only if the system is initialized to |0〉 and all experimental
operations are carried out with perfect fidelity. Note that mis-
calibration of the opening angle θ may result in S5(θ) < S¯QM5
(see Fig.1). Such results do not reveal non-classical effects,
since outcomes of non-compatible measurements can in gen-
eral be explained by NCmodels. However, unavoidable exper-
imental imperfections will lead to some degree of signaling
and incompatibility. This fact has been identified as the main
weakness of contextuality tests in local systems and is often
referred to as the “compatibility” or “finite-precision loop-
hole” [24]. The loophole can be addressed by making use of
“extended inequalities” [12, 20]. These are modifications of
non-contextuality inequalities that do not require perfect com-
patibility, but can only be used to study either restricted classes
of NC models or extended notions of contextuality. Here we
follow the latter approach and use the result in Ref. [12], ex-
tending the KCBS inequality to
S(ext)5 (θ) =
5∑
i=1
〈A(1)i A(2)i±1〉 +
5∑
i=1
i ≥ S¯NC5 = −3, (4)
where i =
〈A(1)i 〉 − 〈A(2)i 〉, and thus ∑5i=1 i penalizes signal-
ing between measurements. Note that this inequality can be
used for both normal and reverse ordermeasurements. S(ext)5 (θ)
is plotted in Fig.1 (red dashed line), showing that a finite range
of θ leads to results inconsistent with NC models (hashed
region). Aside from systematic effects, some amount of sig-
naling is expected purely due to shot-noise-limited statistics
(otherwise known as quantum projection noise). This means
that experimental results are expected to systematically deviate
from S(ext)5 (θ) for a finite number of measurements (Fig. 1, red
dashed line).
All experiments in this work follow the sequence depicted
in Fig. 2. We start by cooling the ion’s motion close to the
ground-state to suppress the effect of finite motional tempera-
ture on the fidelities of coherent control operations [21]. We
then optically pump the system to |0〉 and perform a measure-
ment Mi followed by a measurement of Mj=i±1. Projective
measurements along |0〉 are performed by applying a fluores-
cence state-detection pulse, followed by ground-state cooling
and optical-pumping pulses (App. C). If the ion fluoresces it is
projected onto |0〉 and cooled back close to the ground-state;
if it does not, it is projected onto the subspace spanned by
states |1〉 and |2〉, without affecting their relative amplitudes
or the motional state [21]. A projective measurement along
|ψi〉 = Ui |0〉 is composed of a coherent rotation U†i , followed
by a projective measurement along |0〉 and a rotation back Ui
(App. D, [21]). This allows us to treat each measurement as
a block that is executed in the same way regardless of pre-
ceding or following measurements [25]. Qutrit rotations are
decomposed into individual laser pulses using Eq. (1), with
Ry(θ) = R1
(
2θ, pi2
)
, (5a)
R2i−2z
(
2pi
5
)
= R2
(
pi, pi2
)
R2i−21
(
4pi
5 ,
pi
2
)
R2
(
pi,− pi2
)
, (5b)
where Rn
k
(θ, φ) (k = 1, 2) is a matrix representing the effect
of a resonant pulse on the |0〉 ↔ |k〉 transition with angle θ
3FIG. 2. Sequentialmeasurement of observablesMi andMj . Red lines
illustrate the parts of the sequence where the ion is hot and/or outside
the computational basis. In the pump stage, the ion is Doppler-cooled
and pumped into the S1/2 manifold, which includes state |0〉. In the
detect stage, the state is projected either onto the {|1〉 , |2〉} manifold
(without affecting its motional state), or onto the S1/2 manifold (heat-
ing it back to the Doppler limit). In the cool SP stage, the S1/2 states
are ground-state cooled and pumped into |0〉, while states |1〉 and |2〉
remain unaffected. Each unitary Ui is decomposed into a sequence
of (2i + 1) coherent rotations on |0〉 ↔ |1〉 and |0〉 ↔ |2〉 transitions.
Every sequence produces outcomes A(1)
i
and A(2)
j
, from which we
calculate the correlator A(1)
i
A(2)
j
. For every setting, the measurement
is repeated 10,000 times.
TABLE I. Experimental results for the KCBS experiment for the
points closest to the compatibility angle θ = θ5 in both normal and
reverse order in Fig. 3.
Order i j 〈Ai〉 〈Aj〉 〈AiAj〉
Ideal ≈-0.105 ≈-0.105 ≈-0.788
Ideal total S5 ≈ −3.944, S(ext)5 ≈ −3.888
Normal
1 2 -0.106(10) -0.107(10) -0.786(6)
2 3 -0.111(10) -0.092(10) -0.793(6)
3 4 -0.107(10) -0.112(10) -0.775(6)
4 5 -0.102(10) -0.107(10) -0.787(6)
5 1 -0.100(10) -0.121(10) -0.774(6)
Total S5 = −3.915(14), S(ext)5 = −3.864(34)
Reverse
1 2 -0.113(10) -0.096(10) -0.786(6)
2 3 -0.111(10) -0.101(10) -0.787(6)
3 4 -0.106(10) -0.103(10) -0.784(6)
4 5 -0.093(10) -0.118(10) -0.783(6)
5 1 -0.102(10) -0.097(10) -0.798(6)
Total S5 = −3.937(14), S(ext)5 = −3.890(34)
and phase φ, repeated n times (App. A). Experimentally, these
parameters are adjusted by changing the laser-pulse amplitude,
duration and phase with an acousto-optic modulator.
In the KCBS study we scan the degree of incompatibility
between observables by changing the pentagon opening angle
θ and measuring each pair of observables 10,000 times in both
FIG. 3. Results of the KCBS measurement as a function of the
opening angle θ. Each data point results from 10, 000 measurements
on each of the five correlators 〈AiAj〉, either in normal ( j = i + 1)
or reverse order ( j = i − 1). Blue and dashed red lines represent
theoretical expectations for S5 and S
(ext)
5 respectively (see Fig. 1,
right). Note that all measurements of S(ext)5 violate the NC bound of
S¯NC5 = −3. Error bars here and in the remainder of the paper show the
standard error in the mean, with sample standard deviation obtained
directly from the data (App. E).
normal and reverse order. We determine the experimental
value of θ using
θ =
1
2
arccos
(
N∑
i=1
〈A(1)i 〉
N
)
. (6)
The measured witnesses S5(θ) and S(ext)5 (θ) are displayed in
Fig. 3, together with theoretical expectations for an ideal ex-
periment. Table I shows the results of this procedure for the
value of θ measured to be closest to θ5 ≈ 48◦ in each scan. The
results of S5(θ5) exhibit a systematic shift of 1.6 standard de-
viations from the ideal QM prediction. This can be attributed
to imperfections in qutrit rotations, primarily due to vibrations
of the closed-cycle cryostat where the ion trap sits. For the
extended witness S(ext)5 (θ5), statistical errors dominate. The
data point closest to compatibility violates the KCBS Ineq. (2)
by 65 (67) standard deviations in the normal (reverse) order. In
addition, all measured data points violate the extended KCBS
Ineq. (4) by up to 25 standard deviations [26].
Recent theoretical developments allow for a unified treat-
ment of different NC inequalities and consequently justify a
direct comparison between contextuality and Bell tests [18].
Within the formalism of exclusivity structures (App.H), KCBS
and its extensions (odd N-cycle NC inequalities [13]) corre-
spond to the most fundamental exclusivity scenarios, which
are building blocks of all other NC inequalities. Bell exper-
iments (even N-cycle NC inequalities) produce correlations
that cannot saturate those available due to their exclusivity
graph. The largest amount of contextuality available to Bell
scenarios would correspond to S5 ≈ −3.828 (green dashed
line in Fig. 3, App. H). Close to compatibility we can resolve
values of S5 surpassing this bound
In a second set of experiments we expand the above pro-
cedure to correlation measurements between any odd number
4N > 5 of states on the “qutrit sphere”. Generalizing the KCBS
construction given in Eq. (1), we define the N-gon states by
|ψi〉 = Ui |0〉 with Ui = R(i−1)(N−1)/2z ( 2piN )Ry(θ). (7)
Pairwise compatibility 〈ψi |ψi±1〉 = 0 occurs when θ = θN =
arccos
√
cos( piN )
1+cos( piN ) . The N-cycle NC inequality [5, 27] reads:
SN =
N∑
i=1
〈AiAi+1〉 ≥ S¯NCN = −N + 2. (8)
Measurements on the initial state |0〉 violate this inequality
maximally, leading to
SN ≥ S¯QMN =
N − 3N cos(pi/N)
1 + cos(pi/N) . (9)
Finally, an inequality for the extended witness S(ext)N can be
derived in full analogy to Ineq. (4) (App. I, [12]).
In order to make a connection with chained Bell tests [19,
28], we use the “Contextual Fraction” (CF),
CFN =
SN − S¯NCN
S¯NSN − S¯NCN
, (10)
to quantify the strength of non-classical correlations. Here,
S¯NSN is the minimum value of SN allowed for non-signaling
measurements. For N-cycle NC inequalities, S¯NSN = −N ,
which is also the algebraic limit of the expression. When
positive, the value of CF quantifies the potential performance
of measurement-based quantum computers [15] and can be
used to constrain possible extensions of QM [13, 29]. A prop-
erty of N-cycle NC inequalities is that CFN → 1 as N → ∞.
In other words, the system tends to become fully contextual
as the number of observables increases. Chained Bell experi-
ments have observed contextuality with N up to 90, measuring
CF as large as CF36 = 0.874(1) [7]. Here we complement
those studies by measuring odd N-cycle NC inequalities up
to N = 121, while quantifying systematic effects which can
compromise experiments on photonic systems [8].
The number of pulses and duration for these experiments
both grow as N2. In order to shorten the experimental run time
we concatenate U†jUi to Ui−j , rather than performing the full
pulse sequence corresponding toU†jUi (App. I). This precludes
the block-like structure of individual measurements [25], but
leads to relevant time and infidelity reductions for large N .
All measurements were performed in normal (as opposed to
reverse) order, with every correlator measured 10, 000 times.
The measurement results are shown in Fig. 4. We identify
stronger-than-classical correlations in all prepared scenarios
up to N = 101 (N = 61) for the bare (extended) witness.
Beyond that, our results are consistent with NC models. The
largest measured value is CF31 = 0.800(4). We have not
found a consistent theory model for calculating the CF in the
presence of finite signaling, so the plot includes only the results
for the bare witnesses. The complete table of results, as well
as further experimental details, are available in App. I. To our
FIG. 4. Results of measurements of N-cycle witnesses. Solid and
dashed lines showQMexpectations for relevant quantities (red dashed
line includes shot noise), and hashed regions below 0 correspond
to results explainable by classical models. The top plot illustrates
the fractional gap between quantum and classical witnesses, which
decreases for large N . Our data shows contextuality up to N = 101
(N = 61) for SN (S(ext)N ). The bottom plot shows the calculated
contextual fraction. Ideally the system becomes fully contextual at
N → ∞, but experimental imperfections lead to CF < 0 for large
enough N . We measure CF31 = 0.800(4). Error bars are generally
smaller than the point size.
best knowledge, these results show contextuality in a system
with the largest number of observables (101) of any experiment
reported up to this date. Moreover, the measured contextual
fraction is larger than for any other experiment closing the
detection loophole [16].
The experimental difficulty of resolving quantum from clas-
sical correlations for a large number of observables is illus-
trated in the bottom plot of Fig. 4. A decrease in the contextual
fraction corresponds to a loss in the visibility of quantum cor-
relations. While QM predicts that CFN will approach unity as
N increases, any finite error rate per measurement will cause
CFN < 0 for sufficiently large N . This can be interpreted as
classical behavior emerging from a quantum system [30, 31]:
whereas the strength of correlations between observables for
N ≤ 101 cannot have a classical origin, the correlations we
measure for 121 observables could have been produced by a
system of 121 classical coins. This transition towards classi-
cality does not originate from increased interactions with an
environment (measured decoherence in our system occurs over
timescales much longer than the duration of our experimental
sequences, see App. B) and is not due to an increase in the
macroscopicity of the system (the Hilbert-space dimension is
always 3). Instead, we find classical expectations when we do
5not have sufficient experimental control to resolve measure-
ment directions from one another. This possibility was first
discussed in Ref. [30], where it is proven that measurement im-
perfections in an otherwise perfectly quantum system can give
rise to classical behavior. It was later shown that measure-
ment errors do not lead to a quantum-to-classical transition
if the final projection is coarsened, whereas they do when
measurement references are coarsened [31], i.e. when unitary
operations are non-ideal, which is consistent with our observa-
tions. Although this effect is also present in previous chained
Bell tests [7, 16], the link to quantum-to-classical transitions
has not been discussed in this context before.
The experiments we have performed suggest that non-
classical correlations as strong as predicted by quantum me-
chanics can be observed in nature. Using this as a starting
point, experiments should aim at closing the compatibility
loophole to disprove all possible NC models. This can be
accomplished by using multiple entangled qutrits [32]. A fur-
ther interesting study would be to carry out experiments using
an operational definition of contextuality which addresses the
compatibility loophole and does not require sharp measure-
ments [11]. Initial work has already been carried out with
photonic systems to study the monogamy relation between
contextuality and non-locality [33], as well as alternative def-
initions of contextuality [34]. Comparable experiments on
a trapped-ion platform would facilitate closing the detection
loophole.
ACKNOWLEDGMENTS
We thank Renato Renner, Ravi Kunjwal, Myungshik Kim,
and Hyunseok Jeong for discussions, and Chiara Decaroli for
comments to the manuscript. We acknowledge support from
theSwissNational Science Foundation under grant no. 200021
134776. The research is partly based upon work supported by
the Office of the Director of National Intelligence (ODNI),
Intelligence Advanced Research Projects Activity (IARPA),
via the U.S. Army Research Office grant W911NF-16-1-0070.
The views and conclusions contained herein are those of the au-
thors and should not be interpreted as necessarily representing
the official policies or endorsements, either expressed or im-
plied, of the ODNI, IARPA, or the U.S. Government. The U.S.
Government is authorized to reproduce and distribute reprints
for Governmental purposes notwithstanding any copyright an-
notation thereon. Any opinions, findings, and conclusions
or recommendations expressed in this material are those of
the author(s) and do not necessarily reflect the view of the
U.S. Army Research Office. AC acknowledges support from
Project No. FIS2014-60843-P, “Advanced Quantum Informa-
tion” (MINECO, Spain), with FEDER funds, the FQXi Large
Grant “The Observer Observed: A Bayesian Route to the Re-
construction of Quantum Theory,” and the project “Photonic
Quantum Information” (Knut and Alice Wallenberg Founda-
tion, Sweden).
Author Contributions: Experimental data were taken by
CZ, MM and JA, using an apparatus primarily built up by
FML and JA, and with significant contributions fromMM and
CZ. Data analysis was performed by MM, JA, and AC. The
paper was written by JA, MM, JPH and AC, with input from
all authors. Experiments conceived by AC, MM, JA, and JPH.
The authors declare that they have no competing financial
interests.
6Supplementary Material
Appendix A: Qutrit transitions
Qutrit states are encoded into Zeeman sub-levels of a 40Ca+
ion as follows:
|0〉 = S1/2, mJ = −1/2〉 ,
|1〉 = D5/2, mJ = −3/2〉 ,
|2〉 = D5/2, mJ = −1/2〉 .
An external magnetic field of |B | ≈ 3.73 G splits the |0〉 ↔ |1〉
and |0〉 ↔ |2〉 transitions by ≈ 6.27 MHz. These transitions
are driven by linearly polarized laser pulses at λ ≈ 729 nm
propagating at an angle of 45◦ to the quantization axis and
adjusted to be resonant with the transition of choice. We
operate at low laser intensities to keep AC Stark shifts below
100 Hz. This allows us to, up to a good approximation, treat
the laser pulses as inducing single-qubit rotations in a qutrit
space:
R(1)(θ, φ) = ©­­«
cos
(
θ
2
) −ie−iφ sin( θ2 ) 0
−ieiφ sin( θ2 ) cos( θ2 ) 0
0 0 1
ª®®¬ , (A1a)
R(2)(θ, φ) = ©­­«
cos
(
θ
2
)
0 −ie−iφ sin( θ2 )
0 1 0
−ieiφ sin( θ2 ) 0 cos( θ2 )
ª®®¬ . (A1b)
Appendix B: Qutrit coherence times
Using Ramsey techniques, we determine coherence times
of σt ≈ 1.6 ms for the |0〉 ↔ |1〉 and |0〉 ↔ |2〉 transitions,
and σt ≈ 7 ms for the |1〉 ↔ |2〉 transition. Here we
assumed for simplicity that the noise is Gaussian and slow
compared to the timescale of a single experiment, causing
a Ramsey experiment with wait time τ to lose contrast as
C = e−τ2/(2σ2t ) [35]. This reveals a noise component of
≈ 230 Hz (Full-Width Half-Maximum, FWHM) common
to both the |0〉 ↔ |1〉 and |0〉 ↔ |2〉 transitions, which we
believe originates due to Doppler shifts transmitted onto
the ion from vibrations of the closed-cycle cryocooler. The
differential noise has a width of ≈ 50 Hz (FWHM), which
we associate with B-field fluctuations of <5 µG (FWHM)
and slow drifts. The latter result in changes of transition
frequencies (∼ 100 Hz on time scales of minutes), which
we automatically re-calibrate every 30 s with 10 Hz resolution.
Appendix C: Ion cooling
At the start of every experiment the ion is optically pumped
to |0〉 and cooled close to the motional ground state. The cool-
ing is done in two steps. First, a Doppler-cooling sequence
brings all three oscillation modes (one parallel, and two per-
pendicular to the trap axis) to a thermal statewithmean phonon
occupation nth ≈ 5. Then we further cool the mode of motion
parallel to the trap axis to nth ≈ 0.2 using electromagnetically-
induced transparency (EIT) cooling [21]. Qutrit transitions
are driven with a laser beam propagating along the trap axis,
deeming the influence of radial motion negligible.
The second instance of cooling occurs during state detec-
tion. Standard on-resonance fluorescence detection techniques
cause motional heating due to photon recoil in case of a bright
detection. To circumvent this problem, detection is conducted
off-resonantly with settings close to those of Doppler cool-
ing [21]. While this decreases the observed signal and hence
lengthens detection pulses, it also brings the temperature of
the bright ion close to the Doppler limit. Afterwards, we re-
peat the EIT cooling sequence described above to get back to
nth ≈ 0.2. In case of a dark detection, the state of the ion
is unaffected by the detection or EIT beams. This leads to
negligible dependence of the ion’s motional state on the first
measurement, since a dark ion is subject to motional heating
at a rate of ∼ 200 quanta/s.
Appendix D: Qutrit detection
Fluorescence detection is implemented by shining a laser
beam at 397 nm, which connects the S1/2 states with a short-
lived P1/2 level, together with a repumping beam at 866 nm
(Fig. 2, [21]). If the ion fluoresces (“bright detection“) it is
projected onto the S1/2 manifold, while no fluorescence (“dark
detection“) projects it onto the D5/2 manifold.
During a dark detection, the lack of physical interaction
between ion and laser ensures that the initial qutrit state ρin is
related to the post-measurement state ρout via
ρout =
PDρinPD
tr(PDρin), (D1)
where PD = (|1〉 〈1| + |2〉 〈2|) is the projection operator onto
the dark states. In other words, a dark detection imple-
ments a Lüders projective measurement [36]. A bright de-
tection, on the other hand, projects the ion onto a mixture of
{S1/2,mJ = −1/2〉 , S1/2,mJ = +1/2〉} states. We therefore
complete the detection sequence with a spin-polarizing (SP)
σ-polarized pulse at 397 nm, which pumps all the S1/2 pop-
ulation into |0〉 = S1/2, mJ = −1/2〉. This makes a bright
measurement a Lüders measurement with projection operator
PB = |0〉 〈0|.
Bright states are discriminated from dark states by thresh-
olding the number of photon counts collected within a detec-
tion window. In a typical experiment, we collect an average
of ≈ 25 photons from a bright ion, with an average back-
ground of ≈ 1 photon, during a window of ≈ 200 µs. The
optimal threshold is set close to the crossing point between the
histograms resulting from bright and dark states [21]. We esti-
mate a bright (dark) detection error of≈ 2 × 10−5 (≈ 1 × 10−4).
Dark-detection errors are dominated by spontaneous decay of
D5/2 states into the S1/2 ground state (τdecay ≈ 1.2 s).
7Appendix E: Data collection and analysis
Consider an experiment with N observables (for KCBS,
N = 5). For each opening angle setting θset we perform a
correlation measurement (Fig. 2) along a pair of directions
(|ψi〉 ,
ψj〉), with results (A(1)i = ±1, A(2)j = ±1). Results
+1 correspond to a bright ion and results -1 correspond to
a dark ion, and the superscript in brackets denotes whether
the observable is measured first or second. We also calculate
the correlation A(1)i A
(2)
j . Each experiment is repeated 10,000
times, and the average results (〈A(1)i 〉, 〈A(2)j 〉, 〈A(1)i A(2)j 〉) are
extracted. We collect data for N observable pairs in one of two
possible orders:
normal order: (i, j) = (i, i + 1), i = 1, . . . , N, (E1)
reverse order: (i, j) = (i, i − 1), i = 1, . . . , N . (E2)
We then evaluate the witness SN starting from Eq. (8):
normal order: SN =
N∑
i=1
〈A(1)i A(2)i+1〉, (E3)
reverse order: SN =
N∑
i=1
〈A(1)
i+1A
(2)
i 〉. (E4)
We also estimate the pentagon opening angle θ using
θ =
1
2
arccos
(
N∑
i=1
〈A(1)i 〉
N
)
. (E5)
The incompatibility term  is evaluated according to
 =
N∑
i=1
i =
N∑
i=1
|〈A(1)i 〉 − 〈A(2)i 〉|, (E6)
and the extended witness is given by S(ext)N = SN +  (Eq. (4)).
For each average (〈A(1)i 〉, 〈A(2)j 〉, 〈A(1)i A(2)j 〉) we evaluate the
sample standard deviation and use it to compute the standard
error in the mean. We then propagate the standard errors of
SN, θ,  and S(ext)N assuming independent errors. These stan-
dard errors are plotted as error bars in Figs. 3 and 4. We note
that  is defined as necessarily positive and its distribution is
non-gaussian, hence the standard error of  cannot always be
treated as a confidence interval.
Appendix F: Measured observables
Consider operators PB = |0〉 〈0| and PD = |1〉 〈1| + |2〉 〈2|,
which project the ion onto a bright and dark state respectively.
We define the observable Mi of measurement along |ψi〉 =
Ui |0〉 as Mi = PB,i − PD,i , where
PB,i = UiPBU
†
i = |ψi〉 〈ψi | , (F1)
PD,i = UiPDU
†
i . (F2)
The outcome of measurement Mi is denoted as Ai = ±1.
With these definitions, the outcome Ai = +1 corresponds to
projection onto PB,i , while Ai = −1 corresponds to projection
onto PD,i . Note that [Mi,Mi+1] = 0 when 〈ψi |ψi±1〉 = 0
and that in QM two observables are compatible when their
operators commute. If we consider states |ψi〉 on a real “qutrit
sphere” (Fig. 1), this condition is equivalent to orthogonality
between vectors.
Appendix G: Theoretical predictions for KCBS witnesses
Consider a sequence of measurements Mi , Mi±1 as defined
in App. F, with Ui defined as in Eq. (1) and the initial state
ρin = |0〉 〈0|. Their correlation can be evaluated to:
〈A(1)i A(2)±1〉 = tr
(
MiMi±1ρin)
=
1
8
(3 −
√
5 + (5 +
√
5) cos(4θ)) . (G1)
Then the KCBS witness can be simply calculated as S5(θ) =
5〈A(1)i A(2)i±1〉 (Eq. (2)). This is plotted in solid blue in Fig. 1.
Note in particular that the minimum value of S5(θ) is obtained
when θ = pi2 , where S5 =
5
4 (−
√
5 − 1) ≈ −4.045. At the point
of compatibility, where [Mi,Mi+1] = 0, which corresponds to
θ = θ5 = arccos
(
5−1/4
)
, we obtain S5 = 5 − 4
√
5 ≈ −3.944.
In order to evaluate the extended KCBS witness S(ext)5 (θ) we
first evaluate the expectation value of Ai as
〈A(1)i 〉 = tr(Miρin) = cos(2θ), (G2)
while the post-measurement state is given by
ρi = PB,iρinPB,i + PD,iρinPD,i . (G3)
The average outcome of measurement Mi±1 is then given by
〈A(2)
i±1〉 = tr(Mi±1ρi). (G4)
Due to the symmetry of the problem, 〈A(2)
i+1〉 is expected to be
the same for all i, and hence〈A(2)
i+1〉 = 〈A(2)i 〉. We use this to
evaluate the extension term:
i =
〈A(1)i 〉 − 〈A(2)i 〉 = 〈A(1)i 〉 − 〈A(2)i+1〉
=
1
16
(5 − √5 + 5(3 + √5) cos (2θ)) sin2 (2θ). (G5)
The extended KCBS witness S(ext)5 = S5 +
∑5
i=1 i is plotted
in Fig. 1 in solid red. Note that at the point of compatibility
i = 0 and S(ext)5 = S5 = 5 − 4
√
5, while for all other values of
θ we have S(ext)5 > S¯
QM
5 .
Aside from penalizing systematic effects, i also accounts
for finite sample size. This is because the samplemean of i is a
biased estimator of the population mean of i . Consider an ex-
perimental run with nmeasurement repetitions. The measured
outcomes follow a normal distribution Y〈Ai 〉 ∝ N(〈Ai〉, σ2Ai ),
whereN(µ, σ) denotes a normal distribution with mean µ and
8variance σ2. Then Y〈Ai 〉−〈Ai+1 〉 ∝ N(〈Ai〉 − 〈Ai+1〉, σ2Ai +
σ2Ai+1 ). Finally, Yi = F (〈Ai〉 − 〈Ai+1〉, σ2Ai + σ2Ai+1 ), where
F (µ, σ2) is the so-called “folded normal distribution“, ob-
tained by taking the absolute value of a gaussian with mean µ
and variance σ2. The mean of a folded normal distribution is
[37]
µF (µ, σ) = σ
√
2
pi
exp
(−µ2
2σ2
)
− µ erf
( −µ√
2σ2
)
, (G6)
where erf is the error function. This mean represents an ex-
pectation value E(i) of i in an experiment with n repetitions:
E (i) = µF
(
i, σ
2
Ai
+ σ2Ai+1
)
, (G7)
σ2Ai =
1 − 〈Ai〉
n
. (G8)
The expression for the variance σ2Ai represents the shot-noise
contribution, hence we refer to this expectation value as “theo-
retical prediction with shot noise”. E(S(ext)5 ) = S5 +
∑5
i=1 E(i)
for n = 10, 000 is plotted in Fig. 1 in dashed red. We see
that the effect of shot noise is significant when i ≈ 0, where
it predicts a gap of size
√
2(1 − cos (2θ5))/(pin) between the
sample mean and the population mean of S(ext)5 .
Appendix H: Relevance of KCBS and odd cycle NC inequalities
There are three different perspectives from which the KCBS
and the N odd-cycle non-contextuality inequalities (with N ≥
5; the case = 5 is the KCBS inequality) are of fundamental
importance for understanding the power of quantum systems.
Each of these perspectives corresponds to a different approach
for investigating the quantum vs classical advantage.
The first perspective focuses on the quantum system that
produces the quantum advantage. In this respect, the KCBS
and the other odd N−cycle NC inequalities are special be-
cause all of them achieve their maximal quantum violation
using a qutrit, which is the simplest quantum system that pro-
duces contextuality [1, 38]. This is in contrast with the case
of the CHSH and the rest of even N−cycle NC inequalities
(called chained Bell inequalities when tested on pairs of sys-
tems [39, 40]), whose maximal quantum violation requires
either a ququart, i.e. a four-dimensional quantum system, or a
pair of qubits. Moreover, the KCBS inequality is the simplest
(i.e. the one requiring the smallest number of observables)
non-contextuality inequality violated by a qutrit.
The second perspective emphasizes the scenario in which
the quantum advantage occurs. A scenario is defined by a set
of observables, each with a certain number of possible out-
comes, having certain relations of compatibility among them.
These relations are typically represented by a graph called the
compatibility graph, in which vertices represent observables
and edges connect compatible observables. The name N-cycle
inequality refers to the fact that the corresponding scenario has
N observables whose compatibility relations are represented
by a cycle of N vertices. For each scenario, the correlations
between compatible measurements define a set whose points
are vectors of probabilities. Geometrically, the classical set is
a polytope whose facets define tight inequalities that are nec-
essary and sufficient conditions for the existence of a classical
model. For certain scenarios, the quantum set is larger than the
classical set. However, only a few scenarios have been exhaus-
tively explored [13, 41–44] in the sense that we know all the
classical inequalities and all the maximal quantum violations.
Among these scenarios, the N ≥ 4 cycle non-contextuality
scenario (where there are N observables, each with 2 out-
comes, such that observable j is compatible with observable
j + 1 with the sum modulo N) is the only one which is sym-
metric, i.e. with all tight inequalities and all maximal quantum
violations being of the same type [13]. These inequalities are
precisely the N ≥ 4 cycle non-contextuality inequalities. As
non-contextuality inequalities, all of them are tight. However,
the case N even can be tested with pairs of particles and then
the corresponding non-contextuality inequalities are also Bell
inequalities, the so-called chained Bell inequalities [39, 40].
Notice, however, that the chained Bell inequalities are not tight
Bell inequalities (i.e. they do not correspond to facets of the
local polytope) [13].
The third perspective focuses on the graph of exclusivity
responsible for the quantum advantage. In the graph-theoretic
approach to quantum theory introduced in [3], every classical
inequality is first converted into an inequality in which the
quantity bounded is a sum of probabilities of events (i.e. state
transformations produced by an ideal measurement), and then
associated to a graph in which vertices represent the events
in this quantity and edges connect events that are exclusive
(i.e. that correspond to different outcomes of the same ideal
measurement). This graph is called the exclusivity graph of
the inequality. The exclusivity graph of (the events of) an
inequality should not be confused with the compatibility graph
of (the observables) of an scenario.
The first result of the graph-theoretic approach is that an
exclusivity graph admits a quantum realization whose proba-
bilities cannot be explained classically if and only if the graph
has, as induced subgraphs, odd M-cycles with M ≥ 5 or their
complements [3]. Relevant to this study is the fact that the ex-
clusivity graph of the M events needed to test the odd N-cycle
NC inequalities is precisely an M-cycle with M = N .
The second result of the graph-theoretic approach is that,
for any exclusivity graph, the maximum value allowed by QM
is given by a characteristic number of the graph. The odd
N ≥ 5-cycle NC inequalities happen to saturate each of these
maxima [3] and hence saturate also the strength of correlations
allowed by QM, which is given by Eq. (9):
S¯QMM =
M − 3M cos ( piM )
1 + cos
(
pi
M
) . (H1)
Together, these two results imply that, among all possible
non-contextuality inequalities, the odd N ≥ 5-cycle NC in-
equalities have fundamental importance for understanding the
differences between quantum and classical resources. More-
over, the exclusivity graphwith the smallest number of vertices
featuring genuinely quantum probabilities is the pentagon [3],
9TABLE II. Experimental results for N-cycle witness measurements.
The contextual fraction is calculated according to Eq. (10). Num-
bers in brackets are the standard errors in the means, calculated as
described in App. E, with each pair of observables measured 10,000
times.
N SN S
(ext)
N
S¯NC
N
S¯QM5 CFN
5 -3.926(14) -3.905(34) -3 -3.944 0.463(7)
7 -6.208(12) -6.124(39) -6 -6.271 0.604(6)
11 -10.452(10) -10.304(48) -9 -10.545 0.726(5)
17 -16.538(10) -16.538(59) -15 -16.708 0.769(5)
23 -22.530(10) -22.138(69) -21 -22.785 0.765(5)
31 -30.599(9) -30.172(79) -29 -30.840 0.800(4)
41 -40.439(11) -39.983(91) -39 -40.879 0.719(5)
51 -50.422(11) -49.740(102) -49 -50.903 0.711(5)
61 -60.279(11) -59.494(111) -59 -60.919 0.640(6)
81 -79.972(14) -79.058(128) -79 -80.939 0.486(7)
101 -99.544(17) -98.437(143) -99 -100.951 0.272(8)
121 -117.686(25) -116.443(157) -119 -120.959 -0.657(12)
which is exactly the exclusivity graph of the five events needed
to test the KCBS inequality.
Although the chained Bell inequalities (and other Bell in-
equalities) contain events associated with N-cycle exclusivity
graphs, it has been proven [28, 45] that no Bell inequality
contains events allowing the maximum quantum value for any
N-cycle exclusivity graph. It has also been proven [45] that the
quantum maximum of the odd N ≥ 5-cycle exclusivity graph
for Bell scenarios is achieved for the chained Bell inequalities
for (N − 1)/2 observables per party and is given by
S¯BellM = M − 4
[
1
2
+
M − 1
4
(
1 + cos
( pi
M − 1
))]
. (H2)
For example, for the pentagon, the quantum maximum within
Bell scenarios is achieved in the scenario with two dichotomic
observables per party, i.e. in the CHSH scenario [46]. A direct
comparison between the QM expectations for the CHSH and
KCBS scenarios shows that correlations between observables
are stronger in the latter: S¯Bell5 ≈ −3.828 > S¯KCBS5 ≈ −3.944.
Although the quantum realization for the CHSH scenario takes
place in a Hilbert space of dimension four while for the KCBS
scenario takes place in dimension three, measurements in the
former are restricted to be bipartite, which accounts for the
weaker correlations.
Finally, the third important result of the graph-theoretic
approach is that, for a given graph of exclusivity, the set of
classical probabilities is the so-called stable set polytope of
the graph, while the set of quantum probabilities is the so-
called theta body of the graph [3]. Among all the basic graphs
needed for genuinely quantum correlations, the pentagon is
the one in which the difference between the quantum and the
classical set is the biggest one [3]. This difference is precisely
the one aimed by the initial state and the set of measurements
used to test the violation of the KCBS inequality.
Appendix I: N-cycle NC inequalities and results
Our experimental results are summarized in Tab. II. In order
to penalize for incompatibility we again follow the scheme in-
troduced in Ref. [12]. Accordingly, the witness for an extended
N-cycle NC inequality is given by
S(ext)N =
N∑
i=1
〈A(1)i A(2)i+1〉 +
N∑
i=1
i ≥ S¯NCN = −N + 2, (I1)
where i =
〈A(1)i 〉 − 〈A(2)i 〉, as in Eq. (4). Like S(ext)5 , S(ext)N
reduces to SN when θ = θN , and miscalibration of θ always
results in S(ext)N > S¯
QM
N .
Appendix J: Comparison with previous KCBS tests
We provide in Tab. III a collection of experimental KCBS
tests to benchmark our data. Aside from being among the
closest to QM predictions, our analysis is the only one that we
are aware of that systematically characterizes signaling and is
in agreementwith theoretical expectations. Wehave calculated
the signaling the different experiments would have incurred
wherever the data was made available by the authors (second-
to-last column). The meanings of the different comments in
the last column are:
• Detection loophole. Experiments with photons suffer
from significant detector inefficiencies and setup losses.
Consequently, the results assume that the registered
events form an unbiased sample of all the events. The
loophole does not apply when measurements are con-
ducted with high fidelity.
• Simultaneous measurements. When pairs of measure-
ments are conducted simultaneously, it is difficult to
establish an operational definition of an individual mea-
surement [22]. It has been argued that this so-called
“individual existence loophole” can be addressed by per-
forming measurements in a sequence [49].
• Six observables. Certain experimental arrangements
may not allow for performing the same measurement
in the same way in every context. In order to circum-
vent this problem, the KCBS inequality is extended to a
six-observable inequality. However, the validity of this
approach has been challenged by some authors [9].
• Order dependence. When statistical errors dominate,
the order of measurement of correlators should not in-
fluence the final outcome. Significant dependence on
the order indicates the presence of uncontrolled system-
atic errors.
• Large signaling. When signaling is large compared to
observed violations, the experiment is far from the ideal
assumption of compatible sharp measurements. This
makes is difficult to relate the strength of contextual cor-
relations measured in such experiments to established
10
TABLE III. Experimental results of previous KCBS tests. Comments in the last column are discussed in the text. The results marked by an
asterisk represent our own analysis of the results table from [47]. These differ significantly from the final results quoted in [47], which are
currently revised due to errors in the original data analysis [48].
Reference Platform Saturation of QM limit
(S5 − S¯NC5 )/(S¯
QM
5 − S¯NC5 )
Signaling∑5
i=1 i/(S¯
QM
5 − S¯NC5 )
Comments
Vienna, 2011 [9] Photons 0.947(6) 0.08(3) Detection loophole
Simultaneous measurements
Six observables
Stockholm, 2013 [9] Photons 0.53(11) (normal order)
0.95(11) (reverse order)
No data Detection loophole
Order dependence
Beijing, 2013 [9] Photons 0.977(11)
0.956(26)
0.267
0.291
Detection loophole
Simultaneous measurements
Large signaling
Beijing, 2013 [47] Yb ion 0.589(24)* 0.119(24)* Six observables
Non-projective measurements
Brisbane, 2016 [22] Superconducting
circuits
0.520(1) (normal order)
0.541(1) (reverse order)
0.379(2)
0.379(2)
Large signaling
This work Ca ion 0.969(14) (normal order)
0.992(14) (reverse order)
0.054(31)
0.050(31)
theoretical results. An indicator of this effect is that
the statistical uncertainty in the measured witness (third
column) is much smaller than the signaling term (fourth
column).
• Non-projective measurements. In Ref. [47] measure-
ments are conducted in a sequence, but are not projec-
tive by design. Specifically, the post-measurement state,
conditioned on photon detection, is a mixture of qutrit
basis states. This precludes the implementation of sharp
measurements.
Appendix K: Comparison with previous CHSH and chained
Bell tests
As discussed in App. H, both the CHSH scenario for a Bell
test and the KCBS scenario for a non-contextuality test feature
pentagonal graphs in the exclusivity formalism. To the best
of our knowledge, there are two previous experiments aiming
at the limits of correlations in Bell scenarios: one carried
out by the Kwiat group in Illinois [7], the other in the group
of Kurtsiefer in Singapore [6]. Both were carried out with
photons. The former came close to 99% of the QM prediction
for the CHSH test (with statistical uncertainties well below
1%), and the latter came down to 99.97(2)% of the Tsirelson
bound. Our result for KCBS brings us to 99.5(2)% of the QM
limit and is the first experimental demonstration of stronger-
than-Bell correlations in a non-contextuality test closing the
detection loophole (Fig. 3).
In Ref. [7] they furthermore measured chained Bell in-
equalities with even numbers of observables all the way to
N = 90 and found a maximal value of the contextual frac-
tion CF36 = 0.874(1). Our results complement these with
odd numbers of observables up to N = 121 and we determine
a maximal value of CF31 = 0.800(4). Aside from closing
the detection loophole, we have thoroughly characterized our
signaling (or incompatibility) by scanning the relevant exper-
imental parameters. This has allowed us to identify optimal
working conditions and place bounds on the amount of sig-
naling present in the experiment. This could be relevant if the
presence of signaling indicated by preliminary data analysis of
previous photon experiments is confirmed [8].
Appendix L: Data repository
The complete raw dataset is publicly available from
an open repository on http://www.tiqi.ethz.ch/
publications-and-awards/public-datasets.html.
We encourage readers who want to expand our work with
further data analysis or representations to do so.
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